Diabetes is the leading cause of end-stage renal disease and 10 to 21% of all people with diabetes have nephropathy, a frequent complication of both type 1 and type 2 diabetes. 1 However, mechanisms underlying the pathogenesis of diabetic nephropathy are not completely understood. 1 Advanced glycation end-products (AGEs), which are biochemical end-products of nonenzymatic glycation and are formed irreversibly in serum and tissues of diabetes, [2] [3] [4] were found to play a critical role in the development of diabetic nephropathy. Drugs that either inhibit AGE formation or break the AGE crosslink showed a protective effect on experimental diabetic nephropathy. 2, [5] [6] [7] [8] [9] [10] In response to AGEs or high levels of glucose, a potent profibrotic growth factor transforming growth factor-␤1 (TGF-␤1) significantly increases and leads to fibrotic consequence. 11, 12 To prevent a diabetes-caused fibrotic effect, a series of new approaches toward interference with TGF-␤1 expression has been explored in the past decade. [11] [12] [13] However, TGF-␤1 also possesses other important functions such as anti-inflammation and anti-proliferation; therefore, a more specific anti-fibrotic target in its downstream has been sought. 13 Connective tissue growth factor (CTGF) is a recently identified peptide and acts as a downstream mediator of TGF-␤1-induced fibrosis. 14 -16 The critical role of CTGF in diabetes-induced renal extracellular matrix (ECM) accumulation and fibrosis has been implicated. 10, 14, 15, 17 For instance, a significant increase in renal CTGF mRNA expression along with significant glomerulosclerosis in the db/db diabetic mice or streptozotocin (STZ)-induced diabetic rats was observed. 10, 14, 15, 18 By immunohisto-chemical method or autoradiography, increased renal CTGF protein expression was also evident in the renal cortex of NOD diabetic mice and STZ-induced diabetic rats. 10, 18, 19 Exposure of cultured human or murine mesangial cells (MCs) to high levels of glucose caused a significant induction of CTGF mRNA and protein expression with fibrotic effect, ie, fibronectin (FN) production. 14, 19 More importantly, the production of FN in human MCs caused by exposure to high levels of glucose can be prevented by CTGF anti-sense, 19 suggesting the important role of CTGF in the diabetes-induced fibrotic effect.
Although AGEs were known to play a critical role in initiating the development of diabetic nephropathy, whether up-regulated CTGF initiates renal fibrosis through AGE formation in the diabetes remains unclear. In the present study, therefore, we aimed to determine whether AGEs directly cause renal CTGF up-regulation along with renal fibrotic effect, for which both in vivo experiments using AGE-treated rat model and in vitro experiments using AGE-exposed primary cultures of rat MCs were used; and whether AGE-induced CTGF upregulation is mediated by TGF-␤1.
Materials and Methods

AGE Synthesis
AGE-bovine serum albumin (AGE-BSA) and AGE-rat serum albumin (AGE-RSA) were prepared by incubating BSA and RSA (fraction V, low-endotoxin; Sigma, St. Louis, MO) with 500 mmol/L of D-glucose under aerobic conditions for 10 weeks at 37°C in the presence of protease inhibitors and antibiotics based on published methods. 2, 5 Unmodified BSA and RSA for control were prepared under the same conditions without the addition of sugar. All preparations were extensively dialyzed in phosphate-buffered saline (PBS), and then condensed in polyethylene glycol (molecular weight, 20,000). AGE content in the preparations was assessed by means of fluorescence photometer (at excitation wavelength of 370 nm and emission of 440 nm with slit width of 10 nm in arbitrary fluorescence units per mg protein) as 19.8 Ϯ 1.3 for control BSA, 46.8 Ϯ 5.6 for AGE-BSA, 18.6 Ϯ 2.1 for control RSA, and 101.5 Ϯ 12.1 for AGE-RSA. All reagents were prepared under endotoxin-free conditions. Each preparation was tested by Limulus amoebocyte lysate assay (Zhanjiang A&C Biological Ltd., Zhanjiang, Guangdong, Peoples' Republic of China) for endotoxin content (Ͻ0.8 EU endotoxin per ml).
Animal Treatments
Twenty-four male Wister rats (6 to 7 weeks old) were purchased from the Jilin University Experimental Animal Center, and randomly divided into four groups: the control group, given tail vein injection with sterile PBS; the RSA group, given tail vein injections with RSA (100 mg/kg daily) for 6 weeks; the AGE group, given tail injections with AGE-RSA (100 mg/kg daily) for 6 weeks; and the AGE-AG group, given with AGE-RSA (100 mg/kg daily) followed by oral administration of AGE-crosslink inhibitor aminoguanidine (AG, 40 mg/kg daily) for 6 weeks. The dose of AGE-RSA was based on previous studies. To develop a typical diabetic nephropathy, oral supplementation with AGE-RSA at 25 mg/kg daily for 5 months has been used previously; 5 however, to investigate molecule or gene regulation in response to AGE, subacute supplementation with AGE-RSA at 100 mg/kg daily for rats 2 or 240 mg/kg daily for mice 6 for 4 to 8 weeks also has been used. AG was used because it has been extensively indicated to react with Amdaori-derived products to form stable compounds to avoid the formation of reactive AGEs, consequently preventing AGE-protein cross-linking. 2, 5, 6, 10, 20 All these procedures have been approved by the University Animal Care and Use Committee.
Primary Cultures of Rat MCs and Treatments
Rat MCs were isolated from rat glomeruli. In brief, rats were anesthetized with ether. The kidneys were collected under sterile conditions for obtaining renal cortices and minced to a fine paste with a razor blade and then pressed through serial stainless steel sieves (nos. 75, 150, and 200). Glomeruli were collected from the top of the 75-m sieve. By this process, Ͼ 98% pure glomeruli were obtained. The glomeruli then were pelleted and resuspended in Dulbecco's modified Eagle's medium supplemented with 20% fetal bovine serum and 100 UI/ml penicillin and 100 g/ml streptomycin. The glomerular suspensions were plated onto tissue flasks and incubated at 37°C in 5% CO 2 . Primary cultures were allowed to grow for 3 to 4 weeks, at which time the MCs were confluent. MCs between passages 5 and 10 were used for experiments.
After trypsinization, cells were grown in six-well plates for 5 days in their respective media with 10% fetal bovine serum until confluent. Cells were then incubated in Dulbecco's modified Eagle's medium with 0.5% fetal bovine serum for 24 hours followed by a change of same fresh medium and treatment with AGE-BSA as day 0. Cells and the media of these cells were harvested at different times after treatments. For experiments involving use of neutralizing antibodies, cells were preincubated with antibodies for 2 hours under 0.5% fetal bovine serum medium before adding AGE-BSA or control BSA directly to the medium. The concentration used for neutralization was 10 g/ml for both anti-CTGF and anti-TGF-␤ according to published studies.
8,16
Assessments of Renal Function
The animals were placed in individual metabolic cages for 24 hours to collect urine samples after receiving only access to tap water on the day before the experimental rats were killed. No difference for total water intake among groups was observed. Total urinary volume and urinary protein (grams per L) were measured and the urinary protein excretion was calculated as before. 21 
Measurement of Serum and Tissue AGE by Enzyme-Linked Immunosorbent Assay
When animals were sacrificed, blood samples were obtained to prepare serum for AGE measurement. Kidneys were removed and prepared as described by published methods. 22 Briefly, kidney tissue was rinsed with PBS and finely minced with scissors. Lipids were extracted with acetone/chloroform (1:l), dried by vacuum centrifugation, and resuspended in 0.2 mol/L NaPO 4 buffer (pH 7.4). Samples were digested with collagenase (type VII) and centrifuged at 15,000 ϫ g, and the clear supernatants were collected for AGE measurements. The procedure to measure AGEs in serum and tissue suspension was exactly followed the published enzyme-linked immunosorbent assay method, 22 by which the major moiety should be carboxymethy-lysine.
Light and Electron Microscope Examination
One-fourth of the kidneys were immersion-fixed in 10% buffered formalin and embedded in paraffin for a light microscopic study. Two sections of 4 m thickness (an interval of 100 m) per animal were stained with periodic acid-Schiff (PAS) reagent. For electron microscope examination, the renal cortex was cut into small pieces and prefixed in 2.5% glutaraldehyde (0.2mol/L cacodylate buffer, pH 7.4) for 4 hours, postfixed in 1% buffered sodium tetroxide for 1 hour and embedded in Epon 812. Ultra-thin sections were examined using a JEM-1200 EX electron microscope.
Mesangial matrix expansion was determined as PASpositive materials presented in the mesangial region excluding cellular elements. Percentage of PAS-positive area in each glomerulus was analyzed using Leica Q500MC image analysis software. Ten glomeruli, randomly selected in the two slides from each rat (total six rats in each group), were evaluated by two investigators without knowledge of the origin of the slides.
Immunohistochemical Study
Renal tissue sections at 4 m were used to perform immunohistochemical staining for FN, Col IV, TGF-␤1, and CTGF based on our published method 21 with the following specific antibodies: monoclonal mouse anti-rat Col IV antibody, polyclonal rabbit anti-rat FN antibody (Boster Biological Technology Co., Ltd., Wuhan, Peoples Republic of China), and polyclonal rabbit anti-rat TGF-␤1 and goat anti-rat CTGF antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Color was developed by incubating with diaminobenzidine and counterstaining with hematoxylin. Controls were obtained by replacing the primary antibody with PBS. Semiquantitative analysis of the percentage of positive staining area in the glomerulus was evaluated by computer imaging analysis system, as described above.
Western Blot Assay
Protein samples (40 g protein/lane) were electrophoresed through a 7.5% polyacrylamide gel and then transferred to nitrocellulose membranes (Amersham SA, Orsay, France). The membranes were blocked in 5% skim milk powder in PBS before overnight incubation in a 1:200 dilution of a polyclonal rabbit anti-rat TGF-␤1 or goat anti-rat CTGF antibody (Santa Cruz Biotechnology). Proteins were visualized using a horseradish peroxidaseconjugated IgG (Amersham SA) and an enhanced chemiluminescence kit (Amersham SA).
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
The total RNA was extracted from cultured MCs and the renal cortical tissues using TRIzol reagent (Gibco Corp., Beijing, Peoples Republic of China). Primers for TGF-␤1, CTGF, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed and synthesized based on published sequence of these genes. 23, 24 The upstream and downstream of these primers are: 1) TGF-␤1, 5Ј GCTA-ATGGTGGACCGCAACAACG, 3Ј CTTGCTGTACTGTGT-GTCCAGGC, by which 682 bp of TGF-␤1 cDNA would be synthesized; 23 2) CTGF, 5Ј-GCTAAGA CCTGTGGAAT-GGGC-3Ј and 5Ј-CTCAAAGATGTCATTGCCCCC-3Ј, by which 383 bp of CTGF cDNA would be synthesized; 23 and 3) GAPDH, 5Ј-ACCACAGTCCATGCCATCAC-3Ј and 5Ј-TCCACCA CCCTGTGCT GTA-3Ј, by which 452 bp of GAPDH cDNA would be synthesized. Total RNA (0.5 g) was amplified using Titan One Tube RT-PCR kit (Boehringer-Mannheim, Shanghai, Peoples Republic of China). Twenty-five cycles of replication and five PCR tubes for each sample were used. The products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining. Bands were digitized by a Tanon-1000 Gel Image System (Shanghai, Peoples Republic of China). Means of the ratio of TGF-␤1 or CTGF band density to GAPDH band density in various groups were presented. GAPDH was used as control gene based on previous studies. 8, 16, 18, 19 Preparation and Transfection of Short Hairpin RNA (shRNA) TGF-␤-specific and scramble shRNAs were produced and purified by MessageMuter shRNAi production kit (Epicentre). 25 The shRNA-specific sequences used for targeting TGF-␤1 were as following: sense, 5ЈCAAUUC-CUGGCGUUACCUU 3Ј; anti-sense, 5ЈAAGGUAACGC-CAGGAAUUGGC 3Ј (GenBank X5248, nucleotides 940 to 958). The sequence shRNA duplexes were synthesized by Dharmacon (Lafayette, IN), and searched with the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/BLAST/) to ensure that only the TGF-␤1 gene was targeted. The shRNA targeting luciferase (shRNA-luc) was used as negative control. 25 MCs at density of 3 ϫ 10 5 cells/well were plated for at least 24 hours before transfection, and transfected with 5 g of shRNA using LipofectAMINE 2000 (Qiagen) according to the manufacturer's protocol. Twenty-four hours after transfection, these MCs were exposed to 100 g/ml of AGEs for another 24 hours, and then RNA was extracted from these cells for analysis of TGF-␤1, CTGF, and GAPDH mRNA by the RT-PCR method.
Measurements of FN and Col IV by Enzyme-Linked Immunosorbent Assays
Mouse anti-rat monoclonal FN or Col IV antibody (5 g/ ml; Boster Biological Technology Co., Ltd.) in coating buffer were absorbed to 96-well microplates (Gibco BRL) by a 20-hour incubation at 4°C. The unbounded antibody was removed and the wells were blocked by incubation with 150 l of PBS/Tween 20 containing 0.5% (w/v) BSA for 2 hours at 37°C. After three further washes with PBS/ Tween 20, collected media (100 l/ml) from treated MC cultures were incubated at 37°C for 2 hours. Each sample was repeated five times. The plates were washed, and then incubated with rabbit anti-rat polyclonal FN or Col IV antibody (1:1000 dilution, 100 l) for 2 hours at 37°C. After washing, the plate was incubated with 100 l of goat anti-rabbit IgG conjugated to horseradish peroxidase (1:1000 dilution; Boster Biological Technology Co., Ltd.) for 45 minutes at 37°C. A final wash was followed by color development using the colorimetric reagent [0.6 mg/ml diaminobenzidine in 0.01 mol/L Tris-Cl (pH7.6) containing 0.3% H 2 O 2 ]. The reaction was stopped by the addition of 2 mol/L H 2 SO 4 , and the absorbance was measured at 490 nm using a microplate reader. The content of FN or Col IV was represented in OD units rather than concentrations.
Statistical Analysis
Data were presented as mean Ϯ SD from at least six samples (rats) for in vivo study and five samples for in vitro experiments. One-way analysis of variance and Student's t-test were used for statistical analysis. Differences were considered to be significant at P Ͻ 0.05.
Results
AGE-Induced Renal Dysfunction and Morphological Changes
All animals treated with AGE-RSA showed a high level of AGEs in serum and kidney tissue ( Figure 1A) . A mild renal dysfunction was observed, shown by increases in urinary volume and protein excretion (Figure 1, B and C) . Co-administration of AGEs with AG partially ( Figure 1A ) or significantly (Figure 1 , B and C) prevented AGE renal deposition and AGE-induced renal dysfunction.
Glomeruli morphological changes were assessed by electron microscopy (Figure 1 ; D to G). Segmental thickness of glomerular basement membranes, widely fused podocytes, and excessively deposited mesangial matrix were observed in the rats treated with AGE-RSA ( Figure   1F ). No significant abnormalities were observed in the RSA group and AG treatment partially prevented AGEinduced ultrastructural abnormalities (Figure 1, E and G) .
AGE-Induced Renal ECM Accumulation and Expression of TGF-␤1 and CTGF mRNA and Protein
For ECM accumulation, PAS-positive materials were found to be increased in the kidneys of rats treated with AGE-RSA (Figure 2 ). Quantitative analysis for the percentage of PAS in the glomerulus using computer image analysis system is summarized in Table 1 . Examination of FN and Col IV by immunohistochemical staining indicated that staining of both could be lightly observed in the normal glomeruli: FN was observed mainly in the intraglomerular mesangium and Col IV staining was located mainly in the glomerular basement membrane (Figure 2) . The intensity and area of FN and Col IV staining, however, significantly increased in the glomeruli of AGEtreated rats as compared to control and RSA groups, and AG treatment partially prevented these effects (Table 1) .
In the kidney cortex of AGE-RSA rats, expression of both TGF-␤1 and CTGF mRNA, measured by the RT-PCR method, were significantly increased relative to control ( Figure 3, A and C) . Correspondingly, TGF-␤1 and CTGF protein contents, measured by Western blotting, were also significantly increased ( Figure 3, B and D) . Immunohistochemical staining for both TGF-␤1 and CTGF showed significantly increased expression and was mainly located in the glomeruli (Figure 4 , Table 1 ), suggesting that TGF-␤1 and CTGF are correlated to ECM accumulation in glomeruli. AG treatment partially prevented the AGE-enhanced expression of TGF-␤1 (almost completely) and CTGF (partially) (Figures 3 and 4) .
CTGF Plays a Pivotal Role in AGE-Induced Fibrotic Effects in MCs
To determine the direct link of AGE in the kidney cortex to fibrotic effects, primary cultures of rat MCs were treated with soluble AGE-BSA. Because the concentration of serum AGEs in the rats treated with AGE-RSA at 100 mg/kg daily for 6 weeks was ϳ25 g/ml ( Figure 1A) , we investigated the effect of AGEs on FN and Col IV production in cultured MCs at 25 g/ml and above ( Figure 5 , A and C). Consistent with the results obtained from the in vivo study, AGEs significantly induced MC production of FN and Col IV in a dose-dependent manner until 100 g/ml ( Figure 5 , A and C). In previous in vitro studies, 8, 10, 15, 26 AGE-BSA was used mostly at 50 to 200 g/ml. Therefore, the concentration of AGE-BSA at 100 g/ml was used in our time-course studies, which showed significant time-dependent increases in AGE-induced FN and Col IV production in MCs ( Figure 5, B and D) . To define whether AGE-induced effects are directly related to CTGF expression, MCs were preincubated with anti-CTGF antibody (10 g/ml) for 2 hours and then exposed to AGE-BSA (100 g/ml) for 48 hours. Preincubation with anti-CTGF antibody completely prevented AGE-BSA-induced FN and Col IV production ( Figure 5E ).
AGE-Induced CTGF Expression Predominantly through TGF-␤1-Independent Pathways
Because in the kidney of AGE-treated rats, both TGF-␤1 and CTGF mRNA and protein were up-regulated, the next experiment was to investigate the characteristics of both CTGF and TGF-␤1 mRNA expression of the MCs in response to AGEs. After primary cultures of rat MCs were exposed to AGEs, both TGF-␤1 and CTGF mRNA expressions were significantly increased ( Figure 6 ; A to F). However, TGF-␤1 mRNA expression was increased at a dose-dependent manner only within a narrow dose range (50 to 100 g/ml, Figure 6B ), whereas CTGF mRNA ex- Figure 1 . AGE-caused renal dysfunction and histological changes. Rats were treated with AGE-RSA for 6 weeks and then sacrificed for evaluation of AGE decomposition in serum and renal tissue (A), total urinary volume (B), and urinary protein (C). AGE-induced ultrastructural changes in the kidney of control (D), RSA-treated (E), AGE-RSA-treated (F), and AGE-AG-treated (G) rats were examined by electron microscope. RSA, rat serum albumin; AGE-RSA, glycated RSA; AGE-AG, co-administration of AG with AGE-RSA. *, P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus AGE-RSA.
pression was increased at a dose-dependent manner within a wide dose range (50 to 200 g/ml, Figure 6E ). Time-course studies showed that the enhanced expression of TGF-␤1 mRNA ( Figure 6C ) occurred early compared to CTGF mRNA expression ( Figure 6F ).
To determine whether AGE-increased CTGF mRNA expression is mediated by TGF-␤1, TGF-␤1 mRNA expression was silenced by incubation with TGF-␤1 shRNA ( Figure 7A ). After MCs were incubated with TGF-␤1 shRNA, TGF-␤1 mRNA expression in these cells was significantly inhibited starting at 24 hours, reached the maximal inhibition at 48 hours, and then was restored to control level at 72 hours ( Figure 7A ). However, incubation of the MCs with the negative control shRNA (shRNA-luc) for 48 hours did not change TGF-␤1 mRNA expression ( Figure 7A ). Therefore, MC cultures were preincubated with TGF-␤1 shRNA for 24 hours and then co-incubation with AGEs for 24 hours ( Figure 7B ). Results showed that 24-hour treatment with AGEs for 24 hours significantly increased both TGF-␤1 and CTGF mRNA expression. More importantly, the same treatment with AGEs in shRNA-treated MCs did not increase TGF-␤1 mRNA expression but still significantly increased CTGF mRNA expression. Furthermore, the fact that inhibition of TGF-␤1 did not affect AGE-induced CTGF expression was further confirmed by neutralization of TGF-␤1 protein. MC cultures were preincubated with anti-AGE antibody (100 g/ml) or anti-TGF-␤1 antibody (10 g/ml) for 2 hours and then were incubated with AGEs or TGF-␤1 for 48 hours. AGEs and TGF-␤1 both induced a significant increase in CTGF mRNA expression in the cells without preincubation of anti-AGE or anti-TGF-␤1 antibody, whereas preincubation of MCs with anti-AGE antibody almost completely prevented AGE-induced CTGF mRNA expression. However, preincubation of MCs with anti-TGF-␤1 antibody completely blocked only TGF-␤1-induced CTGF mRNA expression but had almost no affect on AGE-induced CTGF mRNA expression ( Figure 7C ).
Discussion
Diabetic nephropathy is characterized by ECM accumulation in the glomerular mesangium and tubulointerstitium. 1, 8, 14, 18 AGEs have been documented to play an important role in the pathogenesis of diabetic nephropathy by stimulating cytokine and growth factor synthesis leading to ECM accumulation. [2] [3] [4] [5] [6] 10, 20 In the present study, renal ECM accumulation along with an increased expression of CTGF and TGF-␤1 mRNA and protein was significantly observed in AGE-treated rats. These pathological changes led a mild renal dysfunction. The only mild renal dysfunction noted in the present study may be because of the relative short term after AGE treatment (only 6 weeks). Consistent with previous studies, 2,5-7,10,20 however, these fibrotic effects can be prevented by simultaneous supplementation with the AGE formation inhibitor AG, suggesting the importance of AGEs in the pathogenesis of diabetic nephropathy.
The importance of TGF-␤ in the pathogenesis of diabetic nephropathy has been extensively addressed because it promoted renal cell hypertrophy and stimulates ECM. 8, [11] [12] [13] 26 In both tissue culture and animal studies, cellular matrix production were stimulated by high levels of glucose, along with an increase in TGF-␤ expression, and the matrix stimulatory effects of high glucose were prevented by anti-TGF-␤ therapy. 8, [11] [12] [13] 26 However, there also was documentation indicating that TGF-␤1 neutralization could not totally block FN and Col IV overproduction in MCs in response to high glucose. 27, 28 Recent studies 29 -31 further confirmed that renal fibrosis often occurred via TGF-␤-independent pathways. They demonstrated that exposure of human renal fibroblasts to high glucose significantly increased FN secretion, but the kinetics of high glucose-increased secretion was significantly delayed compared to that of TGF-␤1-induced FN. Type III collagen was up-regulated by high glucose, but not by TGF-␤1. Furthermore, treatment with neutralizing anti-TGF-␤ antibody could not attenuate the effects of glucose.
The importance of CTGF as one of the downstream factors mediating fibrotic activity of TGF-␤1 has been implicated. 14 -19 For instance, directly transferring the CTGF gene to human MCs produced a significant amount of FN. 19 In contrast, the production of FN or collagens in response to high levels of glucose or TGF-␤1 can be prevented by suppression of CTGF mRNA expression with CTGF anti-sense 19, 32 or CTGF-specific small interference RNA (siRNA). 33 These studies suggest that CTGF plays a pivotal role in the fibrotic effects. 7, [13] [14] [15] [16] [17] [18] [19] 32 The findings that direct exposure of human dermal fibroblasts to AGE in vitro caused a CTGF-mediated overproduction of FN 15 and that AGE breaker can reduce renal CTGF expression in diabetic animals 10 suggest that the AGE-caused fibrotic effect in diabetic kidney may also be mediated by CTGF. That AGE-induced fibrotic effect can be prevented by CTGF neutralization ( Figure  5E ) provides the direct evidence that CTGF plays a critical, pivotal role in AGE-induced ECM accumulation in MCs.
Another important and novel finding of this study is that AGEs induced CTGF up-regulation in rat MCs predominantly through the TGF-␤1-independent pathway. Although many studies have shown the importance of CTGF as a downstream mediator of TGF-␤1 in mediating the profibrotic effects, [13] [14] [15] [16] [17] [18] [19] how TGF-␤1 affects CTGF mRNA and protein expression in the diabetic condition remains unclear. Murphy and colleagues 23 reported that CTGF expression induced by high glucose in human MCs was partially TGF-␤1-dependent, whereas Riser and colleagues 14 demonstrated that anti-TGF-␤1 antibody completely prevented CTGF expression induced by high glucose in rat MCs. No information is available for the effect of TGF-␤1 on CTGF expression in kidneys or in MCs in response to AGEs. We demonstrated in the present study that TGF-␤1 and CTGF mRNA expression in the kidneys of AGE-treated rats and in AGE-treated MCs were both significantly up-regulated. However, silencing of TGF-␤1 mRNA expression by TGF-␤1-specific shRNA or blockage of TGF-␤1 protein by a neutralizing antibody in cultured MCs did not significantly affect AGEinduced CTGF mRNA expression (Figure 7) , suggesting that although AGE induces both TGF-␤1 and CTGF expression, AGE-induced CTGF expression is predominantly TGF-␤1-independent.
The CTGF gene contains several regulatory elements such as activator protein (AP-1), plasminogen activator inhibitor-1 (PAI-1), tumor necrosis factor-␣, endothelin-1 (ET-1), and TGF-␤1-response element; therefore, in addition to TGF-␤1, CTGF gene expression is also regulated by tumor necrosis factor-␣, vascular endothelial growth factor, cAMP, thrombin, prostaglandin E2, drugs such as iloprost and statins, as well as with cytomegalovirus infection. 34 -36 In the present study, we provide the first evidence that AGE-induced CTGF in MCs is predominantly TGF-␤1-independent. To date, several other previous studies have also documented that CTGF expression could be up-regulated through TGF-␤-independent pathways under other conditions. 16,36 -39 For instance, Way and colleagues 37 reported that in transgenic mice overexpressing PKC-␤2, CTGF mediated cardiac fibrosis and dysfunction independently from TGF-␤ activation. Candido and colleagues 38 also found the overexpression of CTGF in STZ-induced diabetic hearts without TGF-␤ expression. In the study on skin-wound healing, accumulated evidence indicated that in the normal skinwound healing response, the up-regulation of CTGF is dependent on the TGF-␤ response element of the CTGF promoter, whereas in pathological fibrosis, the expression of CTGF in the lesion is independent of the TGF-␤ response element of the CTGF promoter. 39 Because ET-1 is up-regulated during pulmonary fibrosis, Xu and colleagues 36 recently directly exposed normal lung fibroblasts to ET-1, resulting in a significant increase in CTGF gene expression without TGF-␤ expression. All these studies further support the early observation by Murphy and colleagues 22 that CTGF up-regulation in human MCs in response to high glucose was partially inhibited by neutralization of endogenous TGF-␤.
In summary, the present study presents the evidence that CTGF plays a pivotal role in mediating the AGEinduced fibrotic effect, predominantly through a TGF-␤1-independent pathway, and targeting CTGF expression may provide a more specifically anti-fibrotic pathogenesis in the diabetic kidney to reserve the desirable actions of TGF-␤1. Although we still do not know how The time-response of AGEs (100 g/ml) on FN and Col IV overproduction. E: The effect of CTGF neutralization on AGE-induced overproduction of FN and Col IV. In the AGE-BSA group, MCs were exposed to 100 g/ml of AGE-BSA for 48 hours. In the anti-CTGF group, MCs were pretreated with goat anti-CTGF (10 g/ml) for 2 hours and then co-incubated with 100 g/ml of AGE-BSA for 48 hours. *, P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus AGE-BSA. Effect of silencing TGF-␤1 mRNA expression or neutralization of TGF-␤1 protein on AGE-induced CTGF expression. MCs were treated with shRNA for the indicated times and TGF-␤1 mRNA expression was analyzed by RT-PCR, as described in Material and Methods. TGF-␤1 mRNA expression in MCs was significantly inhibited starting at 24 hours and reaching maximal levels at 48 hours after incubation with TGF-␤1 shRNA, but not changed until 48 hours after incubation with luciferase shRNA (shRNA-luc) (A); therefore, MCs were incubated with TGF-␤1 shRNA for 24 hours and then added with 100 g/ml of AGEs for another 24 hours (total 48 hours for TGF-␤1 shRNA incubation). Expression of TGF-␤1, CTGF, and GAPDH mRNA was analyzed by RT-PCR (B). C: The results of AGE-or TGF-␤1-induced CTGF mRNA expression with and without neutralizing AGEs or TGF-␤1 protein by anti-AGE or anti-TGF-␤1 neutralizing antibody. In this experiment, MCs were treated with anti-AGE antibody (100 g/ml) and anti-TGF-␤1 antibody (10 g/ml) for 2 hours before exposure to AGEs (100 g/ml) or TGF-␤1 (10 ng/ml) for 48 hours. *, P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus AGE-BSA.
